Aims/hypothesis Diabetes mellitus is a strong risk factor for the development of heart failure, and left ventricular (LV) hypertrophy has been detected in a significant proportion of diabetic patients. Because several studies have suggested that the Na + /H + exchanger (NHE1) plays a part in the molecular mechanisms involved in cardiac hypertrophy, we investigated its activity and its role in LV myocytes from the Goto-Kakizaki (GK) rat model of type 2 diabetes. Materials and methods Fluorometric measurements were used to assess sarcolemmal NHE1 activity in isolated myocytes. NHE1 levels and the possible molecular pathways driving and/or related to NHE1 activity were investigated in relation to the diabetic LV phenotype. Results Enhanced NHE1 activity was associated with LV myocyte hypertrophy. This occurred in the absence of any change in NHE1 protein levels; however, activation of several molecular pathways related to NHE1 activity was demonstrated. Thus, phosphorylation of the extracellular signal-regulated protein kinase (Erk), of the protein kinase Akt (also known as protein kinase B) and of the Ca 2+ / calmodulin-dependent kinase II was increased in GK LV myocytes. Intracellular Ca 2+ levels were also increased. Chronic treatment (10-12 weeks) with the NHE1 inhibitor cariporide normalised NHE1 activity, decreased Ca 2þ i levels and reduced LV myocyte hypertrophy. Moreover, among the various activated pathways, cariporide treatment markedly reduced Akt activity only. Conclusions/interpretation These findings indicate that activation of the Akt pathway represents a likely mechanism mediating the hypertrophic effect of increased NHE1 activity in the GK model of type 2 diabetes.
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+ exchanger (NHE1) plays a part in the molecular mechanisms involved in cardiac hypertrophy, we investigated its activity and its role in LV myocytes from the Goto-Kakizaki (GK) rat model of type 2 diabetes. Materials and methods Fluorometric measurements were used to assess sarcolemmal NHE1 activity in isolated myocytes. NHE1 levels and the possible molecular pathways driving and/or related to NHE1 activity were investigated in relation to the diabetic LV phenotype. Results Enhanced NHE1 activity was associated with LV myocyte hypertrophy. This occurred in the absence of any change in NHE1 protein levels; however, activation of several molecular pathways related to NHE1 activity was demonstrated. Thus, phosphorylation of the extracellular signal-regulated protein kinase (Erk), of the protein kinase Akt (also known as protein kinase B) and of the Ca 2+ / calmodulin-dependent kinase II was increased in GK LV myocytes. Intracellular Ca 2+ levels were also increased. Chronic treatment (10- [5] [6] [7] . The Goto-Kakizaki (GK) rat is a genetic model of type 2 diabetes produced by selective inbreeding of mildly glucose-intolerant Wistar rats [8] . Alterations in glucose and insulin metabolism in this model are caused by at least six independent genetic loci [9] . GK rats have a stable, inheritable form of type 2 diabetes characterised by mild hyperglycaemia and hyperinsulinaemia, and no obesity, hypertension or marked hyperlipidaemia [8, 9] . The GK rat thus offers a convenient model for the study of type 2 diabetes, without the confounding effects of obesity or hypertension per se. A recent report of possible cardiac complications in this potentially relevant type 2 diabetes-like GK rat has suggested that cardiac hypertrophy is present in this model [7] . The cardiac sarcolemmal Na + /H + exchanger (NHE1) has recently gained considerable interest in the context of myocardial damage [10] . In previous studies, we have shown that the streptozotocin-induced model of type 1 diabetes in rats is associated with a decrease in NHE1 activity [11] [12] [13] . With regard to myocardial ischaemia/ reperfusion injury, several studies have already shown that inhibition of this exchanger results in significant protection of the reperfused ischaemic myocardium [11, 14] . In addition to its role in ischaemia and reperfusion, the exchanger is likely of importance in other cardiac disease states. Thus, several recent studies have suggested that activation of the NHE1 plays a role in the molecular mechanisms responsible for cardiac hypertrophy [15] [16] [17] . However, to date, no study has examined myocardial NHE1 activity in type 2 diabetes.
Because diabetes mellitus is a strong risk factor for the development of heart failure, and given that left ventricular (LV) hypertrophy has been detected in a significant proportion of type 2 diabetic patients [2, 3] , we decided to examine the activity and role of NHE1 in LV myocytes from GK rats. In addition, we evaluated whether treatment with the selective NHE1 inhibitor cariporide [18] influences the diabetic LV phenotype when applied for a few weeks after weaning. We also investigated the possible molecular pathways driving and/or related to NHE1 activity in relation to the diabetic LV phenotype of GK rats.
Materials and methods
Experimental animals Animal care and procedures were in accordance with the guidelines formulated by the European Convention for the Protection of Vertebrate Animals used for Experimental Purposes, and institutional guidelines (no. 86/609/CEE 24 November 1986). Male diabetic GK rats were obtained from the Paris colony at the University of Paris VII [8, 9] . Age-matched Wistar rats were used as control animals. The animals were fed either a standard diet (untreated Wistar and GK rats) or a diet containing 6 g/kg of the selective NHE1 inhibitor cariporide (Aventis Pharma, Frankfurt, Germany) beginning at 4 weeks of age for 10-12 weeks. This resulted in plasma levels of cariporide of ∼2.3 μmol/l [17, 18]. Heart rate and blood pressure were monitored using a telemetric pressor transducer (DataQuest IV software; Data Sciences, Saint Paul, MN, USA). Glucose levels were determined by enzymatic colorimetry, and insulin was analysed by double-antibody radioimmunoassay (rat insulin ELISA; Mercodia, Uppsala, Sweden) in plasma samples collected at the time of heart excision (post-absorptive state). After quickly removing and weighing the heart, tibia length was also determined.
Echocardiography Echocardiography was performed with a Toshiba Powervision 6000 device (model no. SSA 370A; Toshiba, Puteaux, France), equipped with an 8 to 14-MHz linear transducer, under isoflurane anaesthesia (1.0-1.5% in oxygen) and spontaneous ventilation. LV global systolic and diastolic functions were assessed as described previously [19] .
Immunolabelling and confocal microscopy Hearts were rinsed in phosphate-buffered saline, immediately frozen in liquid nitrogen, and then stored at −80°C. Frozen sections (10 μm) were fixed in methanol at −20°C for 10 min, incubated with the monoclonal antibody directed against the slow myosin heavy chain (anti-β-MHC) (1:20 dilution; Novocastra, Newcastle, UK) and then with the anti-mouse IgG coupled to Alexa Fluor 488 (green, 1:100 dilution; Invitrogen, Paisley, UK) [20] . Sections were analysed by confocal scanning laser microscopy (Leica Microsystems, Mannheim, Germany) at a magnification of ×400 by measurement of mean fluorescence intensity (FI, using a range of 0-255 AU) [20] .
Individual myocyte measurements To assess myocyte dimensions, sarcolemmal NHE1 [13] or cellular kinase [21] activity, individual myocytes were isolated from the LV wall of perfused hearts using a combination of enzymatic and mechanical dispersion [13, 21] .
Cell dimensions were measured on a calibrated monitor in conjunction with the ×40 objective lens of a microscope, using ImageJ software (http://rsb.info.nih.gov/ij/, last accessed in January 2007). The volumes of myocytes were calculated from the length and width of each cell, using the following formula: volume=width×length×0.00759 pl/μm 2 [22] . To obtain an estimate of cell surface area, membrane capacitance was calculated by measuring the resistance in series and the time constant of the experimental decay of the capacitive transient elicited by a 10 mV depolarising pulse, as described previously [23] .
A were resolved by SDS-PAGE and immunoblotted with specific antibodies to phosphorylated extracellular signal-regulated protein kinases 1 and 2 (phospho-ERK1/2), p38 MAPK, phospho-p38 MAPK, Akt, phospho-Akt (Cell Signaling Technology, Beverly, MA, USA), ERK2, JNK, phospho-JNK, CaMKII and phospho-CaMKII (Santa Cruz Biotechnology, CA, USA) and appropriate secondary antibodies (goat anti-rabbit and goat anti-mouse horseradish peroxidase conjugates; Amersham Biosciences, Freiburg, Germany). To quantify the extent of phosphorylation of each kinase, the phosphorylated band density was expressed relative to the intensity of the total protein band.
Determination of NHE1 levels Myocardial levels of NHE1 were determined at protein level by immunoblot analysis. We used unfractionated tissue homogenates as described previously [25] . LV tissue samples were rapidly thawed, weighed and homogenised for 3-4 min in lysis buffer (5% sorbitol, 25 mmol/l histidine pH 7.4, 50 mmol/l Na 2 EDTA, 50 mmol/l KCl, protease inhibitor cocktail). 0.5% SDS and 0.1% 2-mercaptoethanol were added to 25 μl of sample containing 100 μg of protein. The samples were boiled for 5 min, and then 55 μl of lysis buffer and 5 μl of polyoxyethylene-8-lauryl ether (Sigma) were added to them. After incubation at 37°C for 15 h, 50 μl of 3× SDS sample buffer was added, and then the samples were boiled for 10 min. Samples (100 μg protein) were subjected to electrophoresis through a 7.5% SDS-polyacrylamide gel, and the separated proteins were transferred onto polyvinylidene difluoride membranes. Immunoblot analysis was performed using a mouse monoclonal antibody directed against NHE1 (Chemicon, Temecula, CA, USA) in conjunction with anti-mouse secondary antibody and an enhanced chemiluminescence detection system (Amersham Biosciences).
Statistical analysis Data are presented as means±SEM. Statistical analysis of the results was performed using either the Student's t test or ANOVA followed by Tukey post-hoc test to identify differences between groups. Significance was set at p<0.05.
Results
GK rats had mild hyperglycaemia; however, basal plasma insulin levels were not significantly different from those in Wistar rats. The systolic BP was similar for the two groups (Table 1) . Average body weight was slightly lower in GK rats than in Wistar rats of the same age. These observations are in agreement with previous studies [7] .
Expression of the diabetic cardiomyopathy phenotype On echocardiography (Table 1) , LV wall thickness was increased in GK rats compared with that in Wistar rats; LV ejection fraction was reduced, whereas isovolumic relaxation time was increased. This is in line with reports showing abnormalities in cardiac contractile performance and sarcoplasmic reticulum function in other models of type 2 diabetes [26, 27]. Biventricular weight normalised by body weight was significantly higher in GK rats, suggesting cardiac hypertrophy (Fig. 1a) . However, since there were changes in body weight in GK rats, biventricular weight was more accurately normalised by tibial length (Fig. 1b) . When normalised by tibial length or body weight, relative to hearts of Wistar rats, GK rat hearts showed 22 and 20% hypertrophy, respectively. To evaluate the hypertrophic response at the LV myocyte level, whole-cell membrane capacitance was used as a measure of cell surface area, and β-MHC immunolabelling as a marker of cell hypertrophy [28] . Figure 1c shows that the membrane capacitance of LV myocytes from GK rats was significantly increased compared with that of LV myocytes from Wistar rats (p<0.001). Moreover, as illustrated in Fig. 2 , there was a much larger amount of β-MHC detected in GK LV myocytes (47% of area sections) than in Wistar LV myocytes (∼2%). Figures 1 and 2 also show that cariporide treatment significantly attenuated the expression of the hypertrophic phenotype in diabetic GK rat hearts, since it reduced the normalised biventricular weight, as well as the increase in LV myocyte membrane capacitance and the percentage area of LV myocyte β-MHC-specific labelling.
Enhanced activity of NHE1 in LV myocytes of diabetic GK rats We next examined NHE1 activity in LV myocytes isolated from GK rats. Steady-state pH i values were 7.25± 0.03 and 7.32±0.02 in GK and Wistar myocytes, respectively (both n=20, p=0.111). Representative recordings of pH i recovery from an intracellular acid load are shown in Fig. 3a . It is clear that pH i recovery from acidification was faster in GK LV myocytes than in Wistar LV myocytes, suggesting increased NHE1 activity. However, as illustrated in Fig. 3b , pH i recovery in diabetic LV myocytes isolated from cariporide-treated GK rats was not different from that recorded in Wistar LV myocytes. Quantitative analysis of pH i data, expressed as acid efflux carried by NHE1 (Fig. 3c) , revealed that type 2 diabetes in GK LV myocytes is associated with significantly greater NHE1 activity, especially at pH i values of 6.9 and 6.8 (greater than 100% increase). Data in Fig. 3c also indicate that cariporide treatment prevented the diabetes-associated increase in NHE1 activity but did not effect NHE1 activity in Wistar LV myocytes. It should be noted that intrinsic buffering power (ß i ), estimated over this pH i range, was similar in the two populations of myocytes (data not shown), and was not affected by cariporide treatment. Since it is only appropriate to compare such J H values between cells with identical volume:surface area (V:S) ratios [22], we estimated the V:S ratios in the two groups of LV myocytes, both with and without cariporide treatment. The average V:S values (Fig. 3d) were not significantly different between the myocyte groups. These data therefore indicate enhanced NHE1 activity in LV myocytes of GK rat hearts, and that this enhanced NHE1 activity can be prevented by cariporide treatment.
Basal Ca 2þ i levels in LV myocytes of GK rats We postulated that enhanced NHE1 activity in GK LV myocytes may be associated with an increase in Na Mechanisms for increased NHE1 activity in LV myocytes of GK rats To investigate whether NHE1 protein levels could be influenced by type 2 diabetes we performed an immunoblot analysis of a random selection of LV myocardium from GK and Wistar rats, both cariporide-treated and untreated. The results revealed that NHE1 protein was present in similar abundance in all samples (Fig. 3e) .
Although intracellular acidification is the major stimulus for NHE1 activation, molecular regulation occurs, at a given pH i , through various proteins, some of which are Ca 2+ -dependent. In a previous study we showed that changes in Ca ) similarly inhibited acid efflux by NHE1 in GK LV myocytes; however, the same concentration of Gö6976 had no effect when applied to Wistar LV myocytes. Likewise, the non-specific protein kinase C inhibitor GF109203X (1 μmol/l), which also significantly reduced J H6.85 in GK LV myocytes, had no effect on NHE1 activity in Wistar LV myocytes. Notably, none of these inhibitors had any additional effect on the reduced NHE1 activity (i.e. J H6.85 ) observed after cariporide treatment in GK LV myocytes.
A family of mitogen-activated protein kinases (MAPKs) that includes ERK 1/2, p38 MAPK and JNK has been shown to respond to a variety of cellular stresses, including changes in pH i [21, 33, 34] . We therefore measured the levels and phosphorylation of these proteins, as well as those of the cell growth and survival kinase Akt [35, 36] . Figure 5a shows that basal ERK phosphorylation, and therefore activation, was similar in LV myocytes of untreated or treated GK and Wistar rats, and that ERK phosphorylation after induction of intracellular acidification was increased in both Wistar and GK LV myocytes. The increase in Wistar myocytes was relatively modest (47%) in agreement with our previous report [21] , whereas it was more marked in GK LV myocytes, being nearly twofold higher than that in Wistar myocytes. Figure 5a also shows that the marked increase in ERK phosphorylation upon acidification in GK LV myocytes was not abolished by cariporide treatment, although there was a trend towards a lesser increase in ERK activity. Basal p38 and JNK phosphorylation were the same in both Wistar and GK LV myocytes and, in contrast to phospho-ERK data, remained unchanged after acidification in the two groups of myocytes ( Fig. 5b and c) . Because we found an effect of CaMKII inhibition on NHE1 activity, a change in phospho-CaMKII activity might be expected. As shown in Fig. 5d , basal levels of phospho-CaMKII were increased by ∼36% in GK myocytes relative to those in Wistar myocytes (p=0.052). Acidification further increased phospho-CaMKII levels, by ∼50% in GK myocytes, but by only ∼35% in Wistar myocytes. Notably, cariporide treatment of GK rats did not significantly (p=0.082) reverse the change in phosphoCaMKII activity. Levels of phospho-Akt (Fig. 6a ), which were, on average, similar in the different groups of myocytes under basal conditions, were markedly increased by acidification in GK LV myocytes (by ∼80%). A tendency for an increase in phospho-Akt was also noted in Wistar myocytes; however, this was not significant. Furthermore, it should be noted that phospho-Akt stimulation in acidified GK myocytes was totally prevented by cariporide treatment. Taken together, these data indicate that, although several pathways (ERK, CaMKII and Akt) were activated in GK LV myocytes, cariporide treatment was only efficient at markedly reducing the increase in Akt phosphorylation. To further clarify the role of the Akt pathway linking NHE1 activity to hypertrophy, we examined NHE1 activity in the presence of three different concentrations (1, 10 and 30 μmol/l) of the Akt inhibitor API-2 [37] (Fig. 6b and c) . Clearly, none of these inhibitor concentrations had any effect on the rate of acid efflux, thus indicating that Akt is clearly downstream of NHE1.
Discussion
The results of the present study demonstrate an increase in NHE1 activity in cardiac LV myocytes of the GK rat model of type 2 diabetes. This is accompanied by a phenotype of hypertrophy that can be prevented by chronic treatment with the NHE1 inhibitor cariporide. We also found that activation of the Akt pathway likely underlies the hypertrophic effect of increased NHE1 activity.
There are several possible explanations for the increased basal Ca 2þ i levels observed in GK myocytes. They could be related either to decreased sarcoplasmic reticulum Ca 2+ uptake and/or to increased Ca 2+ leakage, as shown in other models of type 2 diabetes [6, 26, 27] . They may also be the consequence of enhanced NHE1 activity [30] . Since cariporide treatment prevented any such increase, the latter explanation would appear the most probable. Increased Ca plays a role in the diabetes-related alterations of the exchanger in cardiac myocytes. But the effects of streptozotocin-induced diabetes in this study contradict those in the present work, since Le Prigent et al. reported that there was a decrease in NHE1 activity vs an increase in GK LV myocytes, and that this decrease in NHE1 activity was associated with a decrease in Ca 2þ i
[24], whereas we found that increased NHE1 activity was associated with an increase in Ca 2þ i . NHE1 activity may be affected simply as a consequence of changes in Ca 2þ i , as mentioned above, and/or because of other alterations related to diabetes. It is of note that cariporide treatment of GK rats did not reverse the increased phospho-CaMKII, probably because the phosphorylation state of CaMKII reflects its Ca 2+ -independent activity [39] . Some studies have suggested that the MAPK pathway may also play a role [33, 34] . We found there to be an increase in ERK phosphorylation following acidification in Wistar myocytes, in agreement with our previous observation [21] , and a further increase in GK myocytes with greater sarcolemmal NHE1 activity. On the other hand, p38 and JNK phosphorylation status was unchanged following acidification in LV myocytes from both Wistar and GK rats. Another study [33] has also shown that stimulation of NHE1 activity with acidification requires activation of the ERK pathway but not the p38 pathway of the MAPK cascade in cardiomyocytes. Several recent studies have suggested the existence of cross-talk between Ca 2þ i signalling and the MAPK pathway in multiple cell systems [32, 40] . Since Ca 2þ i was increased in GK LV myocytes, and specific inhibition of CaMKII and of Ca 2+ -dependent protein kinase C reduced acid efflux carried by NHE1 (Fig. 4) , such interplay may well be involved in increasing ERK activity. In a few preliminary experiments, we observed (data not shown) that Ca 2+ -dependent protein kinase C inhibition with Gö6976 did indeed reduce the increase in ERK phosphorylation following acidification in GK, but not in Wistar myocytes, this effect being concentration dependent (decrease by ∼50% at 10 nmol/l and by ∼78% at 1 μmol/l), whereas ERK phosphorylation did not seem to be affected by CaMKII inhibition with KN62 at 1 μmol/l. Clearly, further work will be required to after cariporide treatment would therefore seem to contribute to reducing ERK phosphorylation. However, under our experimental conditions, it was not normalised by cariporide treatment, which significantly attenuated the expression of the hypertrophic phenotype in GK LV myocytes.
An important and novel observation in this study is that intracellular acidification in cardiac ventricular myocytes, especially in GK LV myocytes, stimulated Akt phosphorylation, and that this effect was totally prevented by NHE1 inhibition. A recent work using two different cell lines-a human renal epithelial cell line and LLC-PK1 cells [36]-has highlighted a major role for NHE1 in the regulation of Akt. We show here that this applies particularly to LV myocytes of type 2 diabetic GK rats. Wu et al. [36] demonstrated that activated NHE1 functions as a scaffold for recruitment of a signalplex that includes ezrin/radixin/ moesin linkers, phosphoinositide 3-kinase and, ultimately, Akt. Akt then phosphorylates multiple substrates, thereby regulating the apoptotic response [36] as well as cell hypertrophy [35] . Several studies have indicated that chronic inhibition of NHE1 favourably interferes with the development of cardiac hypertrophy [16, 17, 42, 43] . Recently, in atrial natriuretic peptide receptor-deficient mice [44] , cardiac remodelling was also associated with enhanced NHE1 activity and stimulation of several molecular pathways, including CaMKII and Akt, the activity of these two pathways being regressed during reversal of the hypertrophic phenotype by NHE1 inhibitor treatment. In the present study, both CaMKII and Akt phosphorylation were stimulated by intracellular acidification in GK LV myocytes but, in contrast with the above-mentioned study, only Akt activity was markedly decreased by cariporide treatment. In this context, upregulation of Akt activity appears to play a major role in facilitating cell growth, and it has been shown, for example, that overexpression of H11 kinase in vitro in isolated cardiac myocytes, which promotes cardiac cell hypertrophy, essentially results in the activation of the Akt pathway, whereas the MAP kinase pathway is unaffected [35]. exchanger activity that may well be sufficient to balance increased NHE1 activity at resting pH i . The results here show that acidic pH i values over the 6.8-6.9 range clearly revealed increased activity of NHE1, in agreement with the known activation characteristics of this carrier by internal H + ions [13, 38] . The most likely explanation for such pH i values in vivo is defective coronary blood flow, which has been observed in GK rat hearts [7, 47] , and consequent mild ischaemia. We may also infer that this increase in NHE1 activity may have particularly deleterious functional consequences in cases of more severe ischaemia due to the consequent deleterious increase in Na Conclusion Our data illustrate a new mechanism by which the cardiac response to acidification, i.e. increased NHE1 activity and associated Akt activation, is coupled to the development of LV myocyte hypertrophy in the GK model of type 2 diabetes (Fig. 7 ). Although these data should be interpreted with caution inherent to the limitations of an animal model, they may contribute to shedding light on the central role that NHE1 may play in favouring LV hypertrophy in type 2 diabetic patients with impaired myocardial perfusion [49, 50] 
